Quantum teleportation [1] is a quintessential prerequisite of many quantum information processing protocols [2] [3] [4] . By using quantum teleportation, one can circumvent the no-cloning theorem [5] and faithfully transfer unknown quantum states to a party whose location is even unknown over arbitrary distances. Ever since the first experimental demonstrations of quantum teleportation of independent qubits [6] and of squeezed states [7] , researchers have progressively extended the communication distance in teleportation, usually without active feed-forward of the classical Bell-state measurement result which is an essential ingredient in future applications such as communication between quantum computers. Here we report the first long-distance quantum teleportation experiment with active feed-forward in real time. The experiment employed two optical links, quantum and classical, over 143 km free space between the two Canary Islands of La Palma and Tenerife. To achieve this, the experiment had to employ novel techniques such as a frequency-uncorrelated polarizationentangled photon pair source, ultra-low-noise single-photon detectors, and entanglement-assisted clock synchronization. The average teleported state fidelity was well beyond the classical limit of 2/3. Furthermore, we confirmed the quality of the quantum teleportation procedure (without feedforward) by complete quantum process tomography. Our experiment confirms the maturity and applicability of the involved technologies in real-world scenarios, and is a milestone towards future satellite-based quantum teleportation.
), and sends the result via the classical feed-forward channel to Bob. Photon 3 is sent via the free-space quantum channel to Bob, who applies a unitary transformation (ˆI/π) on photon 3 depending on the BSM result and thus turns its state |φ 3 into a replica of the initial quantum state. (B) Setup: In La Palma, a frequency-uncorrelated polarization-entangled photon pair source generated photons 2 and 3 in BBO1 (EPR/Alice) and a collinear photon pair source generated photons 0 and 1 in BBO2 (HSP/Charlie). All single photons were coupled into single-mode fibers. For implementing the BSM, photons 1 and 2 interfered in a fiber beam splitter (FBS) followed by polarization-resolving single-photon detection (BSM/Alice). Photon 3 was guided to the transmitter telescope using a 100 m single-mode fiber and sent to Bob in Tenerife, where the unitary transformation was implemented using an electro-optical modulator (EOM) and its polarization was measured. A real-time feed-forward operation was implemented by encoding the Ψ + 12 BSM result in the 1064 nm laser pulses, which were then sent to Bob via the feed-forward channel. On Bob's side, they were detected with a photodetector (PD) and used to trigger the EOM to perform the required π phase shift operation. See main text for details.
auxiliary state
which is one of the four maximally entangled Bell states (|Ψ ± = 1 √ 2
(|H |V ± |V |H ) and
(|H |H ± |V |V )). |H j and |V j denote the horizontal and vertical polarization states of photon j. Alice and Bob share this entangled state, where photon 2 is with Alice and photon 3 is with Bob. Charlie provides the input photon 1 to be teleported to Alice in a general polarization state:
where α and β are complex numbers (|α| 2 + |β| 2 = 1), unknown to both Alice and Bob. Alice then performs a Bell-state measurement (BSM), projecting photons 1 and 2 randomly onto one of the four Bell states each with the same probability of 25%. As a consequence, photon 3 is projected onto the input state |φ 1 , up to a unitary transformation (U) which depends on the outcome of the BSM. When Alice feeds the outcome of the BSM forward to Bob via the classical channel, he can implement the corresponding unitary operation in real time and thus obtain photon 3 in the initial state (2) of photon 1. If |Ψ − 12 is detected, then U corresponds to the identity operation which means that Bob needs not to do anything. If, on the other hand, |Ψ + 12 is detected, Bob has to apply a π phase shift between the horizontal and the vertical component of his photon 3.
EXPERIMENT
Our experiment was conducted between Alice's transmitter station at the Jacobus Kapteyn Telescope (JKT) of the Isaac Newton Group on La Palma and Bob's receiver station at the Optical Ground Station (OGS) of the European Space Agency on Tenerife, separated by 143 km, both at altitudes of about 2400 m. Our experimental setup is shown in Fig. 1B . At La Palma, near-infrared femtosecond pulses (central wavelength of 808 nm) emitted from a mode-locked Ti:Sapphire laser were up-converted to blue pulses (central wavelength of 404 nm), with a repetition rate of 80 MHz. They were employed to generate two photon pairs via type-II spontaneous parametric down conversion (SPDC) in two non-linear β-barium borate (BBO) crystals placed in sequence. The first SPDC source was aligned to emit the entangled auxiliary photon pairs (photons 2 and 3) in the |Ψ − 23 state [23] , Eq. (1), while the second crystal was a heralded single-photon (HSP) source providing Charlie's photon 1 to be teleported. That source delivered pairs of horizontally (photon 0) and vertically (photon 1) polarized photons in a product state. The detection of photon 0 by detector t served as a trigger to herald the presence of photon 1. All photons were spectrally filtered using interference filters (IF) and coupled into single-mode fibers for spectral and spatial mode selection. For realizing the BSM, Alice's photon 2 was overlapped on a fiber beam splitter (FBS) with the teleportation input photon 1, whose polarization was arbitrarily prepared by Charlie using half-and quarter-wave plates. In each output port of the FBS, a polarizing beam splitter allowed to project these photons on either horizontal or vertical polarization. Fiber polarization controllers (FPC) were used to compensate the unwanted polarization rotation induced by the fibers.
When photons 1 and 2 leave the FBS in different (or same) outputs and exhibit orthogonal polarization, Alice projects photons 1 and 2 onto |Ψ − 12 (or |Ψ + 12 ). All photons were detected using single-photon silicon avalanche photodiodes (Si-APDs). Note that the BSM was based on a 3-fold detection event between photons 0, 1 and 2 originating from one and the same pump pulse. This implementation of the BSM allowed us to identify |Ψ − 12 (i.e., three-fold coincidence between detectors t-a-d or t-b-c) and |Ψ + 12 (i.e., three-fold coincidence between detectors ta-b or t-c-d). To obtain high-quality two-photon interference visibilities, we employed step motors to adjust the path length in order to eliminate the temporal distinguishabilities between photons 1 and 2 in the BSM. The other two Bell states (|Φ − 12 and |Φ + 12 ) could not be identified separately and were not further considered within the teleportation protocol. The resulting 50% efficiency of the BSM is the optimum when using linear optical elements only [27] . Note that such a BSM yields a higher teleportation fidelity compared to the simpler interferometric implementation [6] , because it reduces noise contribution from higher-order emissions.
While the BSM was being performed at Alice, photon 3 was guided to a 7 cm aperture transmitter telescope through a 100 m long single-mode fiber and then sent via a 143 km free-space quantum channel over to Bob in Tenerife. There, it was collected by the 1 m aperture OGS telescope, and guided through its Coudé path to Bob.
In the first stage of our experiment, we only considered the cases where Alice detected |Ψ − 12 in the BSM, which results in photon 3 being already in the state of the input photon, |φ 1 , and hence Bob was required to perform an identity operation, that is, do nothing at all. We verified the success of the teleportation process by analyzing photon 3's polarization state, which was accomplished by a polarization analyzer, consisting of a quarter-and a half-wave plate and two free-space coupled Si-APDs placed in each output mode of a polarizing beam splitter.
In the second stage of our experiment, we implemented a real-time feed-forward operation. When Alice obtained |Ψ + 12 , she sent this classical information to Bob. Upon receiving this information, Bob had to apply a π phase shift between the |H and |V components of photon 3 to obtain the replica of the input state |φ 1 .
We encoded the |Ψ + 12 BSM result in the classical pulses of a 1064 nm laser and sent them to Bob via the classical 143 km free-space channel by using a separate transmitting aperture. In Tenerife, these classical pulses, just as the quantum signal, were also collected by the 1 m aperture of the OGS telescope. Bob then used dichroic mirrors (DM) to separate the 1064 nm laser pulses from the quantum signal (photon 3), and detected the classical pulses with a photodetector (PD). A discriminator was used to convert the output of the PD into a transistor-transistor logic (TTL) signal. Thus the TTL signal carried the encoded BSM result, which was then used to trigger an electro-optical modulator (EOM) to perform the required π phase shift operation [19] . Finally, Bob used an extra logic circuit to locally identify the coincidence between the counts of photon 3 and these BSM results [16] . The 100 m long singlemode fiber was used to optically delay photon 3 at La Palma before it traveled to Tenerife, thereby giving Bob enough time to perform the π phase shift operation.
The relevant events on Alice's and Bob's sides were recorded with separate time-tagging units each disciplined to the global positioning system (GPS) [11] . First, Alice in La Palma identified the 3-fold coincidence event corresponding to the |Ψ ± 12 outcome of the BSM. This was done using a coincidence logic circuit featuring two separate output signals (in TTL pulses). These TTL pulses were fed into a time-tagging unit which recorded the exact time and the BSM result into a binary file. Similarly, Bob fed the signals of both detectors (stage 1, without feed-forward) or the coincidence between these signals and the BSM results sent via 1064 nm laser pulses (stage 2, with feed-forward) into his time-tagging unit. After a measurement run was completed, both time-tagged data files were compared by cross-correlation, and the detection events associated with simultaneous detection of four photons as originating from the same pump pulse were identified.
SIGNIFICANT EXPERIMENTAL CHALLENGES IN REAL LIFE
The real-life long-distance environment implied a number of challenges for the present teleportation experiment. They resulted most significantly in the necessity to cope with an extremely low signal-to-noise ratio when using standard techniques, indeed too low for performing a successful experiment. To enhance it to a level making the experiment possible at all, we employed for the first time a combination of various cutting-edge techniques.
To increase the signal, a frequency-uncorrelated polarization-entangled photon pair source was developed providing high-rate high-quality entangled photons. The source of the input photon was optimized by employing a collinear configuration for the heralded single-photon source. To reduce the noise, ultra-low-noise single-photon detectors at Bob were employed and an entanglement-assisted technique was implemented to synchronize Alice's and Bob's clocks.
Furthermore, the severe environmental conditions imposed demanding requirements onto the whole long-distance teleportation setup: link attenuation fluctuations due to atmospheric turbulence, induced by the harsh meteorological situations including rapid temperature change, sand storms, rain, fog, strong wind and even snow. These severe conditions delayed our experimental realizations of quantum teleportation for nearly one year, as due to the exceptionally bad weather conditions, the experiment could not be carried out during our residency on the Canary Islands from May to July in 2011. We note that many of these conditions would not hamper a future satellite experiment as severely, because when communicating upwards to a satellite, much less atmosphere has to be passed by the optical signals. We will now describe the techniques employed in detail.
To eliminate the frequency correlation in the femtosecond-laser-pumped entangled photon source, we employed a spectral compensation scheme based on an interferometric Bell-state synthesizer [24, 25] , as shown in Fig. 1 . This scheme allowed us to avoid the usage of narrow-band interference filters, and hence to increase the count rate while maintaining the quality of the entanglement. In our experiment, we used an 8 nm interference filter for photon 3, and 3 nm for photon 2. With the 8 nm interference filter, we almost doubled the count rate of the entangled photon source without losing significant quality of polarization entanglement. The Bell-state synthesizer ensured every photon 2 (photon 3) to be an extraordinary (ordinary) photon. In the BSM, it is important to interfere two extraordinary photons on the FBS to obtain high count rate and good visibility [26] . Therefore, we interfered photon 2 with photon 1 (the extraordinary photon generated from BBO 2 ).
The advantage of using the collinear configuration for the HSP source is that it does not require the use of polarization filters to prepare the teleportee photon 1 in a well-defined polarization state, as would be necessary in the non-collinear configuration [6] . Hence, with the collinear configuration, the rate at which the teleportee photons could be obtained was enhanced by a factor of two. The resulting two-fold coincidence rates of EPR source and HSP source were about 140 kHz and 180 kHz, respectively.
In order to reduce the background counts on Bob's side, we employed two ultra-low dark count rate free-space coupled Si-APDs (PerkinElmer C30902SH) with 500 µm active area diameter, which were passively quenched. They were biased at 11 V over-voltage and thermoelectrically cooled to −65
• C to reduce their intrinsic dark count rate to about 15 Hz per detector in an enclosed environment [28] . Bob's measured background count rate during the experiment was about 100 Hz per detector, mainly because of stray light. . The bar graphs show the reconstructed density matrices ρ for the four states teleported from Alice (La Palma) to Bob (Tenerife) over the 143 km free-space channel. The wire grids indicate the expected values for the ideal cases. The data shown comprise a total of 605 four-fold coincidence counts in about 6.5 hours. The uncertainties in state fidelities extracted from these density matrices are calculated using a Monte Carlo routine assuming Poissonian errors.
Establishing a precise common time basis between the two islands allowed us to narrow the coincidence window size and obtain a better signal-to-noise ratio. To achieve this, first a coarse time base was provided by pre-synchronization of the local clocks with GPS. However, due to the drift of the GPS clocks (about ±5 ns in 990 s integration time) we would have been forced to use a large coincidence time window (≥ 10 ns) and hence would have increased the noise on Bob's side if no further synchronization would have been implemented. By employing entanglement-assisted clock synchronization using two-fold coincidence counts (between detectors a and e, Fig. 1 ), we were able to minimize this noise contribution. This procedure was performed every 45-180 seconds and allowed to precisely synchronize the individual time bases at Alice and Bob [14] . The combined timing resolution of the total detection module (including electronic jitter of the Si-APDs, resolution of the time-tagging units and time stability of the individual time bases) was approximately 1 ns. In the data analysis, we used 3 ns as the coincidence window.
To maintain the optical free-space communication links, i.e., the quantum and classical channels, under turbulent atmospherical conditions, a bidirectional closed-loop tracking system was implemented. The transmitter telescope platform was actively locked to a 532 nm beacon laser diode pointing from Tenerife to La Palma. Similarly, the OGS receiver telescope adjusted its pointing direction based on a 532 nm beacon laser attached to the transmitter telescope. For details on the link establishment and the bidirectional closed-loop tracking system, see refs [13, 16] .
EXPERIMENTAL RESULTS
First we present the results without feed-forward, where we only considered the BSM outcome |Ψ − 12 . We teleported a set of four input states |φ 1 ∈ { |H , |V , |P = (|H + |V )/ √ 2, |L = (|H − i |V )/ √ 2 }. We performed tomographic measurements in three consecutive nights, thereby accumulating data over 6.5 hours. Fig. 2 shows the state tomography results of quantum teleportation. The measured density matrix ρ for each of these teleported states was reconstructed from the experimentally obtained data using the maximum-likelihood technique [29] . The fidelity of the teleported state is defined as the overlap of the ideal teleported state |φ ideal with the measured density matrix: f = φ ideal |ρ|φ ideal . For this set of states, the teleported state fidelities are measured to be f = 0.890(42), 0.865(46), 0.845 (27) , 0.852(37), yielding an averagef = 0.863(38). During these measurements the link attenuation varied from 28.1 dB to 39.0 dB, which was mainly caused by rapid temperature change and strong wind. Despite such high loss in the quantum free-space channel, the classical average fidelity limit [1] of 2/3 was clearly surpassed by our observed fidelities, as shown in Fig. 3 . Therefore, we explicitly demonstrated quantum teleportation . The uncertainties of these state fidelities are derived from Poissonian statistics. All observed fidelities significantly exceed the classical average fidelity limit of 2/3. over the 143 km free-space channel.
The reconstructed density matrices of the teleported quantum states allow us to fully characterize the teleportation procedure by quantum process tomography. The four input states (ρ ideal = |φ ideal φ ideal | = |H H|, |V V |, |P P |, |L L|) are transferred to the corresponding (reconstructed) output states ρ. We can completely describe the effect of teleportation on the input states ρ in by determining the process matrix χ, defined by ρ = 3 l,k=0 χ lk σ l ρ in σ k , where the σ i are the Pauli matrices with σ 0 the identity operator. The process matrix χ can be computed analytically from these four equations for the four different input and output states [2] . The ideal process matrix of quantum teleportation χ ideal has only one nonzero component, (χ ideal ) 00 = 1, meaning the input state is teleported without any reduction in quality. Fig. 4A and B show the real and imaginary components of χ for quantum teleportation based on our experimental results. The process fidelity of our experiment was f process = tr (χ ideal χ) = 0.710(42). This clearly confirmed the quantum nature of our teleportation experiment as it is 5 standard deviations above the maximum process fidelity of 0.5, which is the limit one can reach with a classical strategy where Alice and Bob do not share any entanglement as a resource.
In the second stage of the experiment, we realized quantum teleportation including real-time feed-forward of the BSM result over the 143 km classical channel. We set |P and |R states (|R = (|H + i |V )/ √ 2) as input states for which the required π phase shift between the |H and the |V components of photon 3 resulted in a 90
• polarization rotation. However for the |H or |V input state, feed-forward is irrelevant because a π phase shift would only result in a non-detectable global phase shift. Thus the quality of teleportation of these states is already confirmed by our first-stage experiment. Realizing teleportation for the states |P and |R fully confirms the generality of the procedure as these states belong to different mutually unbiased bases. In Tenerife, we analyzed photon 3 in the eigenbasis of the . For the ideal case, the only nonzero component of the process matrix of quantum teleportation, χ ideal , is (χ ideal )00 = 1, which is indicated by the wire grids. Our experiment clearly confirmed that χ00 (identity operation) is indeed the dominant component.
input state, i.e., the |P / |M (|R / |L ) basis when the input state was |P (|R ). Note that |M = (|H − |V )/ √ 2. The resultant fidelities of the teleported states are 0.760(50) and 0.800(37) for |P and |R , respectively (red bars in Fig. 3 ). Both results are clearly above the classical fidelity bound. Note that in our experiment, the efficiency of the classical link was about 21.3%, which was mainly due to amplitude fluctuations caused by atmospherical turbulence.
Our results show that quantum teleportation using active feed-forward can be achieved even over these large free-space distances under real outdoor conditions, which is of utmost importance in future quantum information applications. We note that from a conceptual perspective real-time feed-forward is part of the original teleportation proposal [1] .
It might be noted that photon 3 was still in the 100 m fiber at the JKT telescope when the BSM took place. We suggest that this is not a limitation because the teleportation protocol itself is only completed after Bob has received the classical information about Alice's BSM outcome and after he has applied the corresponding unitary transformation. Only then a replica of the input state is reproduced at his distant location and the quantum teleportation protocol is thus successfully finished. Alice's BSM itself does not conclude the teleportation process.
CONCLUDING COMMENTS
Using the real-time feed-forward operation, we unambiguously experimentally demonstrated quantum teleportation from La Palma to Tenerife over a 143 km free-space channel. Ultimately, the advantage of long-distance teleportation compared to just sending the quantum state itself may lie in the following future applications: If Alice and Bob can stockpile their EPR states beforehand (with the help of quantum memories), teleportation is advantageous, if the quantum channel is of low quality or if Bob's location is unknown to Alice. This is because Alice can broadcast the classical information with high quality and to different locations [1] . Also the quantum repeater, which is of high importance for large-scale quantum networks, is based on teleportation in the form of entanglement swapping [30] .
Our work proves the feasibility of both ground-based and satellite-based free-space quantum teleportation. Our quantum teleportation setup was able to achieve coincidence production rates and fidelities to cope with the optical link attenuation resulting from various experimental and technical challenges, which will arise in a quantum transmission between a ground-based transmitter and a low-earth-orbiting (LEO) satellite receiver [31] . Actually, some demands in our experiment were even more challenging since in satellite communication the atmospheric distances to be overcome are certainly shorter than the distance between Tenerife and La Palma. Therefore, our experiment represents a crucial step toward future quantum networks in space, which require space to ground quantum communication. The technology implemented in our experiment thus certainly reached the required maturity both for satellite and for long-distance ground communication. We expect that many of the features implemented here will be key blocks for a new area of fascinating experiments.
